The pre-T-cell receptor (TCR) delivers essential survival/ differentiation signals to the developing thymocytes. Severe combined immunodeficient (SCID) and recombination-activating gene (RAG)-deficient mice are unable to assemble antigen receptor genes, and therefore cannot express a pre-TCR. Consequently, T lymphocyte differentiation is arrested at an early stage in the thymus of these animals, and immature thymocytes are eliminated through apoptotic processes. This maturation arrest can be relieved and thymocyte differentiation rescued after the exposure of these mice to whole-body c-irradiation. Whereas the promotion of immature thymocyte survival/ differentiation was shown to require p53 activity in irradiated SCID mice, it was suggested, on the other hand, that p53 activation prevents immature thymocytes survival/differentiation in irradiated RAG-deficient mice. However, SCID mice have impaired responses to ionizing radiation. In this paper, we analysed p53 requirement in radiation-induced thymocyte differentiation in CD3e
Introduction
The tumor suppressor p53 is activated by -and plays a central role in the orchestration of the cellular response to -genotoxic stress (Lakin and Jackson, 1999; Sionov and Haupt, 1999) . Activated p53 is a transcription factor that exerts its functions through the activation and repression of numerous target genes. The outcome is either cell cycle arrest, to allow repair of DNA damage, or induction of apoptosis of damaged cells. The type and extent of p53-dependent response induced by ionizing radiation (IR) in mice depend on the target cells and tissues. For example, the p53-dependent transactivation of p21 waf gene expression is far more important in the spleen than in the lung of irradiated animals (Bouvard et al., 2000) .
In mice, p53 have been proposed to control survival checkpoints during T lymphocyte differentiation (see below). T cells develop in the thymus, which is seeded by bone-marrow-derived precursors throughout life. Their maturation is controlled in part by the sequential rearrangement and expression of their antigenic T-cell receptor (TCR) genes, and can be followed by the regulated expression of various cell surface molecules, including CD4 and CD8. Immature double-negative (DN) thymocytes express neither CD4 nor CD8. They differentiate into CD4 þ CD8 þ double-positive (DP) cells, which in turn generate CD4 þ 8 À and CD4 À 8 þ mature single-positive (SP) thymocytes, which are exported to the periphery. The TCR is a heterodimer composed of a and b chains. The genes coding for these proteins exist in the germ-line as discrete V, D (for the b chain) and J gene segments that must be rearranged by a site-specific recombinase in order to code for a functional protein. TCRb chain genes are rearranged and expressed first in DN thymocytes, where they are expressed on the surface associated with the invariant pTa chain and the CD3 complex to form a pre-TCR.
Signaling from the pre-TCR through the CD3 complex results in thymocyte proliferation and differentiation to the DP compartment, where most of the TCRa chain gene rearrangement takes place . A block at the DN stage is observed in recombination-activating gene (RAG)-deficient mice (Mombaerts et al., 1992; Shinkai et al., 1992) , unable to perform V(D)J recombination, or in mice unable to express a pre-TCR because of CD3 complex disruption (Malissen et al., 1995; DeJarnette et al., 1998; Wang et al., 1998 Wang et al., , 1999 . A similar block of maturation is observed in severe combined immunodeficient (SCID) mice, which are unable to assemble their TCR genes and have impaired DNA repair mechanisms, owing to a mutation in the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs) gene Araki et al., 1997) . In the absence of pre-TCR-derived survival and/or differentiation signals, DN thymocytes are eliminated by apoptosis and DP thymocytes do not develop. The inhibition of apoptosis, either by overexpression of a FADD-dominant negative protein (Newton et al., 2000) or by inactivation of p53 promotes the survival and differentiation of pre-TCR-deficient thymocytes (Bogue et al., 1996; Guidos et al., 1996; Jiang et al., 1996; Nacht et al., 1996; Haks et al., 1999) . The survival/differentiation of pre-TCR-deficient thymocytes is also induced in irradiated SCID (Danska et al., 1994; Murphy et al., 1994; Bogue et al., 1996) and RAG À/À mice (Zuniga-Pflucker et al., 1994; Guidos et al., 1995; Jiang et al., 1996) , following exposure to a single dose of IR. As IR activates p53 (Nelson and Kastan, 1994) , its potential implication in IR-induced immature thymocyte differentiation was sought. Mutations in the p53 gene and mutated forms of the p53 protein were found in irradiated RAG-2 À/À thymocytes, suggesting that IR-induced p53 inactivation in immature thymocytes was responsible for their survival/differentiation (Jiang et al., 1996) . On the other hand, p53 expression was found to be necessary for the rescue of DP thymocyte development in SCID mice suggesting that p53, once activated in response to irradiation, controls DP thymocyte generation (Bogue et al., 1996) . This discrepancy may result from the impaired ability of SCID mice to respond to genotoxic stress, or from the fact that IR doses used in both studies were very different.
In this study, we analysed the requirement for p53 activation or inactivation in IR-induced immature thymocyte differentiation and TCR gene expression in CD3e D5/D5 mice, where T lymphocyte development is arrested at the DN stage, as in SCID and RAG À/À mice, because the absence of CD3 complex expression prevents pre-TCR assembly (Malissen et al., 1995) . However, unlike SCID mice, CD3e D5/D5 mice possess functional DNA repair mechanisms and, unlike SCID and RAG-2 À/À mice, they are V(D)J recombination proficient. Our results show that g-irradiation induces thymocyte differentiation to the DP stage, including the rearrangement and transcription of the TCRA genes in CD3e D5/D5 mice. In addition, our analysis demonstrates that in mice with a functional DNA-PK complex, IR induces thymocyte survival/differentiation both by a p53-dependent and by a p53-independent pathway, which differ in their IR sensitivity.
Results

g-irradiation induces differentiation of immature CD3e
D5/D5
thymocytes, including rearrangement and transcription of TCRA genes T-cell development is arrested at the DN stage of differentiation in CD3-deficient CD3e D5/D5 mice.
However, DP thymocytes are readily detected in the thymus of irradiated CD3e D5/D5 mice 3 weeks after exposure to a single dose (6 Gray (Gy)) of whole-body 137 Cs irradiation (Figure 1a) . Irradiation first induces a five-to six-fold reduction of thymic cellularity, followed by a slow recovery during the subsequent weeks (Table 1) À/À and CD3e D5/D5 mice, from two different irradiated (6 Gy, 3 weeks) CD3e D5/D5 mice and a wt C57BL/6 control animal. Transcription of TCRa chain genes using ADV2 (top) and ADV8 (middle) gene families are shown. RAG-2 À/À thymocyte cDNA is used as a negative control, as no TCR rearrangement takes place in these cells. The amplification of Thy-1 mRNA (bottom) is used as cDNA input control. No RNA: RNA was omitted during cDNA synthesis. (c) PCR analysis of ADV2-AJ rearrangement on thymocyte genomic DNA. For each sample, four PCR reactions were performed for 26 cycles with primers specific for ADV2 and AJ56, AJ48, AJ27 or AJ23 genes. This protocol allows the linear amplification of ADV genes recombined with multiple contiguous AJ genes in each reaction (Mancini et al., 2001 ). The right panel shows the amplification of a nonrearranging segment from the TCRA constant region gene (AC) from each sample, as a control for DNA input. RAG-2 À/À and C57BL/6 thymocyte DNA are used as a negative and positive control, respectively expression on thymocytes become significant (above 0.5%) only 2 weeks after irradiation. The proportion of DP thymocytes increases from 2 to 3 weeks posttreatment, when it is maximal. Similar results were obtained whether irradiation was given to pups, within the first week after birth, or to adult animals (data not shown). We also observed the appearance of thymocytes with a CD4 þ CD8 À (upper left quadrant) or, to a lesser extent, CD4
þ SP (lower right quadrant) phenotype. These cells are immature SP thymocytes, an intermediate stage of differentiation between the DN and DP compartments (Hugo et al., 1991) . Indeed, they are TCR-negative, because of the absence of CD3 complex expression, and they are induced into apoptosis following a second exposure to radiation, whereas mature SP thymocytes found in a wild-type (wt) thymus are TCR þ and are more resistant than DP thymocytes to IRinduced apoptosis (see below, Figures 4 and 5).
TCRa chain gene transcription, which is massively induced during the DN/DP transition in wt mice, have never been found in CD3e D5/D5 mice ( Figure 1b ) (Malissen et al., 1995; Gallagher et al., 1998; Mancini et al., 2001) , despite the fact that the TCRA genes, coding for this chain, are rearranged at a low level in these mice (Mancini et al., 2001) . To determine whether IR also rescues rearranged TCRA gene transcription, cDNA prepared from unirradiated and irradiated CD3e D5/D5 thymocytes was amplified with oligonucleotide primers specific for the ADV2 and ADV8 gene families and the AC region. Rearranged TCRA gene transcripts were detected in irradiated, but not control CD3e D5/D5 animals ( Figure 1b ). Finally, we also analysed TCRA gene rearrangement at the genomic DNA level in irradiated CD3e D5/D5 mice. To this end, we used a recently developed PCR assay that allows the detection of multiple rearrangements involving a given ADV gene or gene family with up to four contiguous AJ genes in a single reaction. With four reactions with primers specific for ADV2 on the one hand and for four different AJ genes (AJ56, AJ48, AJ27, AJ23) on the other, we can amplify up to 16 ADV2/AJ combinations in C57BL/6 thymocytes. As expected, none are detected in V(D)J recombination-deficient RAG-2 À/À mice ( Figure 1c , see Mancini et al., 2001 for more details). The amplification of genomic DNA prepared from unirradiated and irradiated CD3e D5/D5 total thymocytes clearly shows that more bands are present after irradiation, and they are more intense than in control animals. Thus, multiple ADV2/AJ rearrangements are present in irradiated thymocytes, whereas they are rare in unirradiated samples ( Figure 1c) .
Altogether, these results show that IR exposure of CD3e D5/D5 mice promotes immature thymocyte survival and differentiation, including rearrangement and transcription of TCRA genes. These mice therefore represent a suitable model to analyse p53 involvement in this phenomenon.
p53 activation is not required for IR-induced thymocyte differentiation
p53-deficient CD3e
D5/D5 animals were generated. As for other models (Bogue et al., 1996; Guidos et al., 1996; Jiang et al., 1996; Nacht and Jacks, 1998; Haks et al., 1999) , the genetic inactivation of p53 in CD3e D5/D5 mice resulted in some spontaneous immature thymocyte differentiation to the DP stage in older mice. However, in young (o6 weeks) p53
D5/D5 double-deficient animals, T-cell development is still blocked at the DN stage (Figure 2 ). To analyse IR-induced T-cell differentiation without interference from 'spontaneous' DP development resulting from p53 inactivation, p53
D5/D5 animals were irradiated within a week from birth and analysed before 4 weeks of age. DP thymocytes are generated in response to g-irradiation in the thymus of p53-deficient CD3e
mice, where they reach a maximum frequency of 45%, a level similar to that obtained in p53 D5/D5 mice (P ¼ 0.7).
Role of p53 in radiation-induced T-cell maturation SM Candéias et al (Table 1 and Figure 3 ). The absolute number of DP thymocytes present in irradiated mice 2 and 3 weeks postirradiation is greater in the absence of p53 expression (Table 1) . This difference may result from different immediate effects of g-irradiation in p53
The reduction in thymic cellularity 24 h postirradiation is only 1.4-fold in the former, compared to 5.2-fold in the latter. This difference probably reflects a blockade of p53-dependent apoptosis in p53 
CD3e
D5/D5 mice from 2 to 3 weeks postirradiation, as is the case in p53 þ / þ CD3e D5/D5 animals. Therefore, a similar proportion of DP thymocytes is found 3 weeks after IR exposure in p53
mice (Table 1) . At the molecular level, rearranged TCRA transcripts were found in cDNA prepared from irradiated p53
thymocytes (data not shown). These results show that p53 expression is not required to promote immature thymocyte survival/differentiation, following IR exposure. However, the kinetics of the response differs whether p53 is expressed or not.
p53 inactivation is not required for IR-induced thymocyte differentiation
We next investigated whether, on the other hand, p53 inactivation is required for IR-induced immature thymocyte differentiation, as proposed in irradiated RAG-2 À/À mice (Jiang et al., 1996) . It is well established that radiation-induced apoptosis of DP thymocytes strictly depends on p53 activity in vitro (Clarke et al., 1993; Lowe et al., 1993; Strasser et al., 1994; Hirao et al., 2000) and in vivo (Cande´ias et al., 1997) , as also shown in Figure 4 . A single whole-body 8 Gy g-irradiation dose results within 36 h in a 50-fold reduction of thymic cellularity and the almost total disappearance of DP thymocytes in wt mice. In sharp contrast, in p53 À/À mice, although irradiation induces a slight (less than two-fold) reduction in thymocyte number, the CD4/CD8 profile is not altered (Figure 4) .
We therefore analysed IR-induced DP thymocyte apoptosis, in p53 þ / þ CD3e D5/D5 and p53
CD3e D5/D5 mice that were irradiated twice, 3 weeks apart. The first irradiation (6 Gy) was designed to induce DP thymocyte differentiation, the second (8 Gy) to induce DP thymocyte apoptosis. As already shown, 6 Gy irradiation induces DP thymocyte differentiation in both types of mice (Figure 5a (top) and b) . After the second irradiation (8 Gy), very few live thymocytes are recovered from twice-irradiated p53 þ / þ CD3e D5/D5 mice, of which only 0.5% are DP. In contrast, the frequency (between 28 and 44%, n ¼ 3) of DP thymocytes present in the thymus of twice-irradiated p53
D5/D5 mice is similar to that found in p53
CD3e
D5/D5 mice that received only one 6 Gy irradiation, and the total thymic cellularity is reduced only by a factor of 2 (Figure 5a (bottom) and b). These results show that IR-induced p53 þ / þ DP thymocytes are sensitive to IR-induced apoptosis, whereas IR-induced p53 À/À DP thymocytes are resistant. Similarly, the immature SP thymocytes (right) CD3e D5/D5 mice. Irradiated mice received 6 Gy of girradiation within the first week of life, and were killed 3 weeks later. The unirradiated p53 À/À CD3e D5/D5 animal was 4 weeks old. The percentage of DP thymocytes in irradiated animals is indicated in the top right quadrant Role of p53 in radiation-induced T-cell maturation SM Candéias et al generated following IR exposure do disappear in p53
CD3e D5/D5 mice. Thus, in p53-expressing mice, IR-induced thymocytes do retain p53 functionality. Consequently, thymocyte development in response to g-irradiation does not require genetic or functional IR-induced p53 inactivation.
Only p53-deficient CD3e
D5/D5 mice are responsive to low-dose radiation
The kinetics of IR-induced DP differentiation differs whether p53 is expressed or not in CD3e D5/D5 mice. To further investigate whether p53 expression affects other parameters of this response, we compared the response of p53 þ / þ CD3e D5/D5 and p53 À/À CD3e D5/D5 mice exposed to a lower dose of radiation. In separate experiments, we found that DP development in response to a 1.5 Gy dose occurs only in p53 À/À mice. To ascertain that this difference results only from a different p53 status, p53
D5/D5 mice were bred and their progeny irradiated within 7 days of birth, to compare directly IR-induced lymphocyte development in mice from the same litter. After 3 weeks, irradiated mice were killed. þ / þ CD3e D5/D5 and p53 À/À CD3e D5/D5 mice. The numbers for 6 Gy irradiated mice are from Table 1 . The number of twice irradiated mice analysed are four and three for p53 þ / þ CD3e D5/D5 and p53
, respectively
Role of p53 in radiation-induced T-cell maturation SM Candéias et al T lymphocyte development was assessed at the cellular level by flow cytometry, and at the molecular level by RT-PCR analysis of rearranged TCRA gene transcription. The mice were then genotyped, to determine their p53 status. As shown in Figure 6 , DP thymocyte development ( Figure 6a ) and TCRA gene transcription ( Figure 6b ) were found only in irradiated p53
CD3e D5/D5 mice differ not only in the kinetics of IRinduced immature thymocyte differentiation, but also in their sensitivity to a low-dose irradiation.
Discussion
IR has been shown to promote the survival/differentiation of immature pre-TCR-deficient thymocytes in different strains of mice (Danska et al., 1994; Murphy et al., 1994; Zuniga-Pflucker et al., 1994; Guidos et al., 1995; Bogue et al., 1996; Nussenzweig et al., 1997) . The role of p53 in this phenomenon has been controversial (Bogue et al., 1996; Jiang et al., 1996) . In this study, we investigated whether p53 activation or inactivation is required to induce immature thymocytes differentiation in response to g-irradiation in CD3e D5/D5 mice, which do not express the CD3 complex. Our results clearly demonstrate that a single 6 Gy dose of g-irradiation promotes the survival and/or differentiation of pre-TCR-deficient CD3e D5/D5 immature thymocytes whether p53 is expressed or not. Rearrangement of TCRA genes, present only at low levels in CD3e D5/D5 mice, is sharply increased following irradiation, and transcription of these rearranged TCRA genes, which is not detected in unirradiated animals, is induced concomitantly, again irrespective of the p53 expression.
However, the mechanisms operating in the presence or absence of p53 appear to be different. The DP population appears earlier and reaches a maximum sooner in p53 À/À than in p53 þ / þ CD3e D5/D5 mice exposed to a dose of 6 Gy. This faster kinetics is probably best explained by the absence of p53-dependent DN thymocyte apoptosis following irradiation (SC, unpublished results), which results in more DN cells being available for differentiation. More importantly, low-dose irradiation (1.5 Gy) induces DP thymocytes and rearranged TCRA gene transcription only in p53-deficient, but not p53 wt mice. This last observation indicates that, when present, p53 plays a role in the control of IRinduced differentiation. The signaling threshold (or stimulation) needed for immature thymocytes to differentiate in response to IR is lower when p53 is not expressed. At that time, we can only speculate on the nature of p53 involvement. Activated p53 is known to activate or repress the transcription of numerous genes (Hall et al., 1996; Zhao et al., 2000; Hoffman et al., 2002) . A critical level of p53 activation may be required to promote the survival/differentiation of immature thymocytes, attained only in response to doses higher than 1.5 Gy. Alternatively, p53-dependent modulation of gene expression may impede the response elicited at that dose in p53-deficient mice. In any case, and irrespective of the exact p53 role, this checkpoint is only transient, and the cells are not facing a choice between, on the one hand, p53 activation and apoptosis or, on the other, p53 inactivation and differentiation. Indeed, our data show that the vast majority of DP thymocytes generated after 6 Gy irradiation of
mice are radiosensitive and enter apoptosis following a second irradiation. In contrast, p53-negative IR-induced DP thymocytes are radioresistant. Thus, the radiosensitivity of DP thymocytes depends on the presence of a functional p53 molecule not only in wt mice but also in irradiated pre-TCR deficient mice. Conflicting results have been obtained in RAGdeficient and SCID mice on p53 involvement in IRinduced thymocyte differentiation (Bogue et al., 1996; Jiang et al., 1996) . Importantly, these mice differ in their ability to respond to DNA damage, because of the mutation affecting DNA-PKcs in SCID mice. Although this mutation may not totally inactivate DNA-PKcs , SCID mice are nonetheless overtly sensitive to IR toxic effects (Jhappan et al., 2000) . In this DNA-repair-deficient model, p53 is required for IRinduced DP thymocyte differentiation (Bogue et al., 1996) . In contrast, our data show that p53 is dispensable in CD3e D5/D5 mice, which possess functional DNA-repair machinery and DNA-PK activity. The simplest hypothesis to explain the differential requirement for p53 in irradiated SCID and CD3e-deficient mice is that IRinduced thymocyte differentiation requires p53 activation only in DNA-PKcs mutated, but not DNA-PKcs wt mice, suggesting that DNA-PKcs and p53 regulate nonoverlapping, compensatory signaling pathways activated after irradiation. This model, depicted in Figure 7 , proposes that both p53 and DNA-PK are able to promote DP thymocytes development in response to irradiation, and that at least one of them is sufficient to initiate the cascade of events leading to immature thymocytes survival and differentiation. However, these two signaling pathways are not concurrent. A 1.5 Gy dose elicits a response only in p53-deficient mice. The DNA-PK-dependent pathway is therefore operative only in the absence of p53 expression.
Taken together, our results show that IR rescues immature thymocyte survival and differentiation, including rearranged TCRA gene transcription, in the presence and absence of p53. When p53 is expressed, its inactivation is not a prerequisite to thymocyte differentiation. IR-induced differentiation in p53 þ / þ mice proceeds with a slower kinetics and requires a higher IR dose than in p53-deficient mice, indicating that, when present, p53 is involved in this response. Therefore, IRinduced immature thymocyte differentiation can be induced either by a p53-dependent/DNA-PK-independent or a p53-independent/DNA-PK-dependent pathway.
Materials and methods
Mice
CD3e
D5/D5 and RAG-2 À/À mice, both on C57BL/6 background, and p53-deficient mice, on a mixed C57BL/6/129 Sv and on a BALB/c background, were bred in our animal facility at the Commissariat a`l'Energie Atomique-Grenoble. C57BL/6/129 Sv p53-deficient mice were mated with CD3e D5/D5 to generate p53
D5/D5 animals. Irradiations were performed in a Cs 137 irradiator (IBL6000, Cis-Bio, France) at a dose rate of 1.9 Gy/min.
FACS analysis
Single-cell suspensions were prepared from the thymus of indicated animals and labeled with phycoerythrin-coupled anti-CD4 and FITC-coupled anti-CD8 antibodies as described (Mancini et al., 1999) . Stained cells were analysed on a FacsCalibur flow cytometer, with Cell Quest software (Becton Dickinson). Data were analysed either with Cell Quest or the WinMDI 2.8 software (J Trotter, Scripps Research Institute).
RNA preparation-cDNA synthesis-PCR
RT-PCR analysis of rearranged TCRA gene transcription was performed as previously described (Mancini et al., 2001) . Thymocyte cDNA prepared from control and irradiated mice were amplified with primers specific for rearranged ADV2 and ADV8 gene families. cDNA input was checked by amplifying Thy-1 transcripts. PCR products were separated on an agarose gel and revealed after transfer onto Hybond N membrane (Amersham) and hybridization with radiolabeled oligonucleotide probes as described.
DNA extraction-PCR analysis of ADV/AJ rearrangement
Genomic DNA was prepared from unirradiated and irradiated (6 Gy, 3 weeks) CD3e
D5/D5
, Rag-2 À/À and C57BL/6 total thymocytes using the NucleoSpin Tissue Kit (MachereyNagel), according to the manufacturer's instructions. ADV2/ AJ rearrangements were amplified in four PCR reactions with primers hybridising downstream of AJ56, AJ48, AJ27 or AJ23 and an ADV2 gene family-specific primer, and PCR products were revealed by Southern blotting as described (Mancini et al., 2001) . DNA input was controlled by the amplification of a nonrearranging segment of the TCRa chain constant region (AC).
Statistical analysis
Statistical analysis was performed by a nonparametric MannWhitney test using the SPSS 9.01 software (SPSS Inc.). Figure 7 A model for IR-induced immature thymocyte differentiation. g-irradiation induces immature thymocyte differentiation and rearranged TCR gene expression both in the presence or absence of p53 expression (p53-dependent and p53-independent pathways, separated by the dashed vertical line). No IR-induced differentiation is observed in p53-deficient SCID mice (Bogue et al., 1996) . Thus, p53 and DNA-PKcs seem to be the only molecules required to promote thymocyte survival/differentiation following IR exposure. In DNA-PKcs mutated SCID mice, p53 activation is required for IR-induced thymocyte differentiation. In DNA-PK wt CD3e D5/D5 mice, p53 activation is dispensable. Only p53 À/À but not p53 þ / þ DNA-PK wt mice respond to a 1.5 Gy dose, indicating that the DNA-PK pathway is not operational in these mice. Therefore, either p53 or DNA-PKcs activity is required for IR to elicit differentiation. DNA-PKcs wt represents CD3e D5/D5 mice; DNAPKcs mut represents SCID mice Abbreviations SCID, severe combined immune deficiency; RAG, recombination-activating gene; IR, ionizing radiation; TCR, T-cell receptor; DN, double negative; DP, double positive; SP, single positive; Gy, gray; wt, wild type; DNA-PKcs, catalytic subunit of the protein kinase activated by DNA.
